GASUL and associates1 in 1957 reported three patients with ventricular septal defects and pulmonary hypertension who during repeat catheterizations wvere shown to have developed infundibular pulmonary obstruction with a reduction of pulmonary arterial pressures. They suggested that these patients had only a large ventricular septa] defect when first studied, but later developed hypertrophy of the crista supraventricularis leading to significant infundibular obstruction. Stanton and Fyler2 and, recently, Nadas et al. 3 reported single cases. Arcilla and as-sociates4 suggested that this delayed development of infundibular obstruction might account for the long acyanotic period seen in some patients with tetralogy of Fallot. In all the cases moderate to severe pulmonary hypertension was present at the time of the original studies.
Recently in a patient with a ventricular septal defect, pulmonary hypertension, and increased pulmonary vascular resistance, we observed that after tolazoline a pullback pressure tracing from the pulmonary artery to the right atrium revealed infundibular obstruction in the right ventricle, which was not apparent on the control tracings. This observation suggested that in patients vith a ventricular septal defect and pulmonary hypertension, infundibular obstruction may be present, but not manifest because of a greater degree of distal obstruction in the pulmonary vascular bed. These obstructions (infundibular and pulmonary arterial) are analogous to the circumstances in patients with valvular pulmonary stenosis in whom infundibular obstruction cannot be demonstrated until the valvular obstruction has been relieved. The following report suggests that various degrees of "masked" infundibular obstruction may be fairly common in the patient with a ventricular septal defect and pulmonary hypertension.
Methods
The catheterization findings and pressure tracings were reviewed in all patients with a ventricular septal defect, pulmonary hypertension, and increased pulmonary vascular resistance to whom the pulmonary vasodilator tolazoline (Priscoline) had been administered at the time of the study. Only those studies in which a pullback pressure tracing from the pulmonary artery to the right atrium was obtained both at rest and following the administration of tolazoline were included. Seven patients who had pulmonary pressures equal to systemic with no response to tolazoline were excluded from the study, as there was no change in the pulmonary arterial pressure.
There were 32 patients who responded to tolazoline in whom pressure tracings were available and thev are the subjects of this report.
The methods employed for recording pressures and determination of blood gases have been reported previously.5 Because of the problems introduced by respiration, patient movement, and damping of the pressure tracings, gradients under 5 mm. Hg are considered for the purpose of this paper to be 0. Tolazoline was administered into the pulmonary artery as described previously 1 mg./ Kg. being diluted in 5 ml. of saline over a 45-second period.;5 Surgical or postmortem observations were available and reviewed in 20 of these patients. Follow-up catheterization studies after closure of the ventricular septal defect were available in seven patients.
Results
The catheterization results, clinical course, Ci-culatijuo, Volumuc XXXI, June 196) MASKED LNFUND)II3ULAR PULMONARY OBSTRUCTI ON77 present statuis, andci an atomic findclings, ineluding the size ind locationl of the ventriciiular septal (lefect ats wx ll as the status of the oitfloW tract, are detailed in tal)le 1. Tlhee xv as iio apparen t correlation be-tN7xeC_1 the locationi or slzetof the ven-tricular defects and the ol)served gradients. Also.
the chanige in puilllmoniary l:od00 floxx folloxxwing tolazohliie was quite varial)le and couild not he correlated with thie kdemonstration of a gradient. In addition, except for onte patienlt, there xvas Hio apparent fixed organic olstruction in these, patients eitlher at surgrery or at postmortem examination.
Patients with Infundibular Pulmonary Stcnosis after Tolazoline
Txvcnt>-seveni of the 32 patienlts manifestedt somiie degree of infundibular obstruction afteradministrationi of tolazoline. Four of these sul)]ects lhad gradients prior to tolazoline. Gi-adieu ts ranged from 8 to 73 mm. Hg. Possibly the gradienits xvould have l)een (7Oareater in somic patieints if pull)back prcssurc tiacinigs haid been recorided duini-1lg the miaxiitial. response to tolazolinie.
An example of suclh a response is shoNx n i-n figure 1 (case 23). The restinig test revealed pressuires in the right lheart essentially eqtual to those in the systemic cirlcuit xxith nio demnionstrable r-iglht-sidecd gradient.
Folloxwiig the administrationi of tolazolinie, hoxxvever, the pulll)ack pressure tr-acinig re- VSD closed @ 2 yrs. Following shunt associated vith the appearance of the gradient in the control study. The tolazoline response at the time of the first study is similar to the control fin-dings at the time of the second study. A similar sequenice of events was noted in the other patient (case 25). At the time of the first study at 1 3/4 years of age ( fig.  2 ), the right heart pressures vere similar to systemic with no right-sided gradient. After administration of tolazoline, a 25-mm. Hg gradient of an infundibular nature xvas demonstrated. As with the previouis case, if a puLllback pressure tracing had not been obtained during the time xvhen the pulmonary arterial pressure xvas decreased by tolazoline, this "'masked" obstruction would not have been observed. Three years later, there still was ino significant right-sided gradient (table   1) . Againi, after admiinistration of tolazoline, a gradient was demonistrated that measuLred 57 mm. Hg. One year later when the patient was 6 years old, a gradient of 33 mm. Hg was present even at rest ( fig. 3 ), and the physical findings changed: the loudest distribution of the murmur moved from the fifth to the second left interspace. After administration of tolazoline, the gradient increased to 38 mm. Hg. As with the previous patient, the developinent of the gradien-t in the control study was associated xvith an increase, in pulmonary blood fox. Folloving the third catheterization, the patient underwent suirgery, at wllich time a lairge ventricular septal defect xxas closed. No abnormalities xvere noted in the outflox tract. One year later at 7 years of age ( fig. 4 ), the right heart pressuires xvere perfectly inormal, with no gradient at rest or after tolazoline. Three patients had infunidibular gradients at rest wxhen first studied (cases 8, 15, and 26). One, of these suibjects showed a progressive inierease in this gradient at the time of a second study, and in all three patienits tolazoline increased the gradient. The pressure tracinigs from one of these subjects at Case 15, when:. studied at 10 months of age, x as noted to have a pressuire of 62/45 in the pulmonary artery and 90/0-5 in the body of the right ventricle giving a control graldient of 28 mm. Hg. The fuinctionial natuire of this inifundibular obstruction is su-iggested ly the an-giocardiogramii perforned at that time ( fig. 7 ). Following the adminiistration of tolazoline, right ventricuilar pressure was unclanged but because of a fall in the pulmonary arterial pressure to norml-al levels, the gradienit iner ased to 58 mm. Hg. The mm. Hg fig. 8 ), xlven the resting gradient hiad increased to 38 mm. Jig vith a further decrease in the pulmnonary arterial pressure. As in the other eases, this wvas associated with an injcrease in the pulmonary b11ood flow. After administration of tolazoline, tlhe pulmonary arterial pressure fell to normal levels with no siginificant change in the pressure of the b)ody of the right ventricle, thuis inereasing the gradient from the resting level of 38 to a value of 73 im-m. Hg. Associated with the increased gradien-t at rest Nvas a change in the physical findings. Whereas the murmur lhad initially been muaximal in the fourth intercostal space anid louder in the fifth than] in the second it became maximal in the third interspace and louider in the second thani in the fifth.
Patients with no Infundibular Gradient after Administration of Tolazoline
There vere five suibjects who responded to the administration of tolazoline but in wvhom withdrawal tracings failed to reveal any infiundibtular obstruction durintg the influence of tolazoline. These patients did n-ot differ clinically or hemodyniamically in terms of the response to tolazoline from the previouls groulp in whom gradients xvere demonstrable. tract wais of a(letilate sie" wvitli 11o apparent abnormalities. Onie year after stur-gery, recatheterizationi revealed that the right ventricilar pressture xvas only vslightly decreased, with a systolic pressuire of 85 mm. l1g. However, the infundibular obstruction wx as more apparent with a gradcient of 35 mmn. Hg. This chanige xvas associated withi a decrease in the ptulmonaory (blood flow, lut muist be considered in light of the fact that her total right venitricuilar ouitpuit is being directed throtugh the right lung.
Discussion
The present stuidy stuggests that "masked" infundibular obstruction may exist in the patient with a ventricuilar septal defect aind ptilmonary hypertension resulting froom peripheral pulmonary vascuLlar obstruction. When the vascuilar obstruction is the more significant, it is apparent that the secondary inftndibular obstruction vill not be obviouLls unless meanis are employed to lesseni the distal obstruction so that the mi-iore proximal obstruction may become manifest. Brock7 encountered a similar phenomenon in patients with valvular pulmonary stenosis and suggested that in these patients secondary infundibular obstruction would be overcome by the high right ventricular pressure, so that pullback tracings would fail to reveal this infundibular obstruction prior to relief of the distal valvular obstruction. His observations have been strengthened by the experience of numerous investigators that immediately following relief of valvular pulmonary stenosis, infundibular obstruction may be demonstrated ( fig. 9 ). This infundibular obstruction may be of considerable magnitude and yet regress to a normal state without surgical intervention, provided an adequate valvular repair has been performed.
It would appear that the situation in the hypertensive ventricular septal defect is analogous, but with the obstruction distal in the pulmonary arterial bed ( fig. 9 ). Whether such infundibular obstruction might play an important role in the postoperative course of the patient with a hypertensive ventricular septal defect remains to be evaluated.
Failure to recognize this phenomenon probably results from the type of agents and methods used. Most workers have employed either acetylcholine or oxygen to lower pulmonary vascular resistance. Pulmonary arterial pressure rapidly reverts to control levels unless these agents are administered continuously. Consequently, if withdrawal tracings are not obtained while the patient is receiving such an agent, this type of obstruction will not be demonstrated.
The significance of these observations may result in a better understanding of the spectrum of response of the right ventricular outflow tract. Whereas Gasul,1 Arcilla, 4 and Lynfield8 have suggested that infundibular obstruction develops in the patient with a ventricular septal defect and pulmonary hypertension, this report suggests that additional factors are of importance. At birth the right ventricular musculature is quite prominent but diminishes rapidly during the first few weeks of life.9 However, if a stimulus exists from the time of birth, such as pulmonary hypertension or valvular pulmonary stenosis, the muscular right ventricle may be sustained. Indeed, that this may be the case is suggested by the demonstration in this report of "masked" infundibular obstruction proximal to the distal arterial obstruction.
When infundibular obstruction is maintained from birth, then at least two mechanisms may be responsible for the development of an infundibular chamber at rest in some of these patients. Certainly, in some patients infundibular obstruction present from birth may progress, and in this manner reduce the pulmonary arterial pressure, such as in those patients who become cyanotic with a marked fall in pulmonary blood flow and pressure.4 On the other hand, the development of infundibular obstruction in the control studies also may be due to a primary change in the pulmonary vascular bed. It is well known that in patients with hypertensive ventricular septal defects, there is a considerable spectrum of reactivity in terms of regression of the pulmonary vascular bed. Thus, in some patients, even after several months, there may be a fall in pulmonary arterial pressure.10 In some instances this is apparently due to a decrease in the size of the ventricular septal defect.1' In all of our patients who developed a gradient at rest, there was actually an increase in the pulmonary blood flow, rather than a decrease. This suggests a primary alteration in the pulmonary vascular bed resulting in a decrease in pulmonary vascular resistance, thus allowing the infundibular obstruction to manifest itself. Perhaps the infundibular obstruction noted to develop upon repeat catheterization by some authorslA might be explained by this sequence of events.
In addition, it is possible that the presence of "masked" infundibular obstruction may modify the ejection characteristics of the right ventricle in such a manner that would allow a decrease in pulmonary vascular resistance. That is, the rate, force, and volume of right ventricular ejection may be critical in determining the reactivity of the pulmonary vascular bed. Coleridge and Kidd12 have shown that impulse activity of the pulmonary arterial baroreceptor fibers is directly related to pulse pressure, and that pulsatile pressure is a more effective stimulus than steady pressure in eliciting impulse activity.
The functional nature of this obstruction is suggested by the lack of fixed changes at surgery or during postmortem examination, as well as the postoperative catheterization studies. In addition, in six of the patients studied postoperatively, there had been a significant decrease in their total pulmonary resistance. With exercise or hypoxia in association with a vasodilator or angiocardiography,13 it may be possible to demonstrate infundibular obstruction in subjects who have had a defect repaired that had been associated with severe pulmonary hypertension. Pullback pressure tracings immediately after closure of the hypertensive ventricular septal defect might reveal some obstruction. Also, isoproterenol may be useful in this regard.
"Masked" infundibular obstruction may exist in other patients with pulmonary hypertension from birth such as in patent ductus arteriosus, total anomalous pulmonary venous connections, idiopathic pulmonary hy-pertension and in children living at high altitude. '4 "Masked" infundibular obstruction should be looked for in acquired pulmonary hypertension, such as in patients with mitral stenosis, idiopathic pulmonary hypertension in adults, or hypoxic pulmonary hypertension due to bronchitis, hypoventilation, or high altitude. If such a patient were given a vasodilator substance while the pulmonary vessels were in a reactive stage, or with selective right ventricular angiocardiography,'3 it might be determined whether the adult heart is capable of developing infundibular obstruction, or whether infundibular obstruction must be fostered from the time of birth. Possibly with these methods, functional obstruction could be demonstrated in the normal newborn.
Masked infundibular obstruction may also exist in the left ventricle. In both animal and human studies, where no gradient was present at rest, infundibular aortic obstruction has been demonstrated by the use of isoproterenol, nitroglycerin, and the Valsalva maneuver. [15] [16] [17] [18] [19] In contrast, methoxamine has been effective in eliminating infundibular aortic gradients present at rest. 16 Whether nitroglycerin'9 or methoxamine was used, left ventricular pressure changed little, the appearance or disappearance of a gradient being associated with a change in systemic arterial resistance. Perhaps in patients with systemic hypertension, but without a gradient at rest, nitroglycerin or some other hypotensive agent might reveal "masked" infundibular left-sided obstruction. The results suggest that increased peripheral vascular resistance, whether it be in the systemic or pulmonary vascular bed, is an important factor in the development of muscular outflow obstruction and in determining whether such obstruction is "masked" or manifest at rest. Furthermore, the presence of muscular obstruction may subsequently modify the physiologic characteristics of the distal vascular bed.
Summary
Recent observations have suggested that in-Circulation, Volume XXXI, June 1965 fundibular pulmonary obstruction may exist in association with a ventricular septal defect and pulmonary hypertension but not be apparent because of greater obstruction in the pulmonary arterial bed which "masks" the more proximal infundibular obstruction. Following the administration of the pulmonary vasodilator tolazoline to patients with a ventricular septal defect and pulmonary hypertension, pullback tracings have revealed infundibular obstruction where none was apparent in control studies.
An analysis of the catheterization findings in those patients with a ventricular septal defect and pulmonary hypertension revealed 32 subjects who had received and responded to tolazoline. Twenty-seven of these patients had gradients after tolazoline ranging from 8 to 73 mm. Hg.
The findings suggest that in the presence of pulmonary hypertension, infundibular obstruction is present from birth and continues to develop, becoming apparent or "unmasked" by virtue of a reduction (acutely with drugs or slowly by delayed maturation) in pulmonary vascular resistance.
